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PREFACE
The purpose of this study vras to investigate the daily values of
the mean-offeotive lapse rate over certain ocean regions and thereby
to provide a table of probable values of this quantity for the ertra-
polation of upper pressure svirface heights from observed surface data.
Season, latitude, vrind direction and surface pressure -were employed as
paraxieters for separation of cases*
This work vms conducted at the United States Naval Postgraduate
School, Monterey, California, during the period December 1949 to l.!ay
1950« The investigation was prompted by the construction and distri-
bution of multi-variate diagrams for the computation of upper pressure
surface heights from sea level temperature, pressure, and mean effective
lapse rate. These diagrams, designed by Professor G« J» Ilaltiner of the
Department of Aerological Engineering of the United States Naval Post-
graduate School, require an estimation of the mean effective lapse rat©
between sea level and the desired pressure surface* The investigation
attempts to provide an objective selection of the appropriate lapse rate
vmder varjrLng conditions* The assistance and encouragement of Professor
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The desirability of increasing the accuracy of upper pressure
surface analysis in regions of sparse radiosonde coverage is recognized
by all meteorologists* Several methods have been suggested for ixiproving
the analysis of these charts, among -which are the extrapolation of heights
from sea level data, the assimption of continuity and predictable develop-
ment of the thickness pattern between layers, the construction of tempera-
ture anomaly patterns, and others. All of these have proved value and
several are vridely employed*
The purpose of this paper is to make an objective investigation of
radiosonde reports from ocean stations and to set forth suggested values
of mean effective lapse rates for vewious locations and surface weather
conditions t These selected values vrill then be employed to extrapolate
the heights of the desired pressure surfaces from observed sea level
values of temperattire and pressure* This latter step is to be accom-
plished by the use of multi-variate diagrans idiich yield the height of
the pressure surface using an estimated mean effective lapse rate value
and the sea level temperature and pressvire for integration of the hydro-
static equation*
A brief review of current methods of obtaining suitably accurate
analysis of upper pressxare surface charts in regions of poor radiosonde
coverage is presented* The tmiversally accepted approximation of assviming
a moist adiabatic lapse rate -when synoptic observations indicate that such
a lapse rate exists is presented in many standard texts* Unfortunately,
(1)
-3'-
in all but the most recent -works, this method is presented for the
extrapolation of surface data into pressures for a given upper level
chart. An example of this presentation is included in the Handbook of
lleteorology [.ij • Haltiner and Eaton [^2j have published, in tabular
form, the results of this method for use in constant pressure analysis.
The method of the Extended Forecast Section of the U# S, Y/eather
Bureau, as reported by Hamias [4,5] « is based on the so-called
"differential" technique, but -vTith certain important improvements. The
thickness pattern of the various atmospheric layers is employed but the
estimate of thickness is improved "by judicious distortion of the thick-
ness isograms, or, in effect, by drawing anomalies of thickness." The
fact that this method has been retained and is an integral part of the
operation of the Extended Forecast Section is em effective demonstration
of its worth. However, the data, computing devices, and staff required
for efficient use of this method are seldom available to other v/eather
forecast units.
Most recently, Haltiner [5] , has prepared and issued diagrams
for the extrapolation of the heights of upper constant pressure sxirfaces
from sea level temperature and pressure with the assignment of a value to
the mean effective lapse rate between sea level and the 700 or 500 millibar
pressure surface. Because of the lack of statistical studies of oceanic
lapse rates in the literature, the selection of an appropriate lapse rate
is primarily subjective vrith only comparatively broad limitations imposed
(2)

by theoretical considerations* It is believed that the results of the
present investigation yrill introduce a medicun of objectivity into the
selection of mean effective lapse rate values and will materially reduce
the opportvuaity for large errors
»
The data used in this investigation were obtained from a one year
file of the Daily Upper Air Bulletin [?] * namely, from October I948
through September 1949* "^he reader is reminded that these data are
unedited* Certain obvious errors have been corrected but it is con-
sidered likely that some of the "fringe" values obtained in this study
are the result of erroneous data.
Two distinct methods of presenting the results of the vrork are
utilized. In the first, the 500 millibar mean effective lapse rate is
separated successively according to (1) season; (2) latitude; (5) wind
direction, and (4) sea level pressure. In the second, the monthly mean
data, iTith accompanying statistical parameters, is presented for each of
the several reporting ocean weather stations.
A test of the effectiveness of the suggested values of the mean
effective lapse rate is made and the results reported as mean eiTor from
the observed heights. The test is considered indicative only, since, be-
cause of non-availability of other data, a random san^jle of reports from
the primary data was used.
(5)

II. METHOD OF AITALYSIS
From the Upper Air Bulletin the follovrin^ data were reoorded on
columnar paper, each radiosonde report v/ith associated sea level data
filling one line: a) station number or letter; b) date; c) latitude
and longitude; d) sea level vrind direction and force; e) sea level
pressure; f) sea level tenperatvire ; g) height of the 700 mb surface;
h) temperature at the 700 mb surface; i) height of the 500 mb stirface;
and k) temperature at the 500 nb surface.
Tfith the exception of the autumn data, which was from 1948, only
those radiosonde reports were used where all of the above information
was available. TThere complete data for the 0^00 GCT sounding was not
reported, the 1500 GCT sounding was used* A total of 1598 reports were
recorded and analyzed.
The mean lapse rate from sea level to each of the upper surfaces
VTB.S computed and entered in columns reserved therefore. Using the multi-
variate diagrams and entering with the observed height, the sea level tem-
peratxire and pressure, a mean effective lapse rate from sea level to each
of the upper svirfaces was determined and entered.
All entries were then transferred to 3 x 5 cards to facilitate the
various separations. On each card t^is entered the following information:
latitude, longitude, date (1500 GCT sorindings in lieu of 0^00 GCT sound-
ings were indicated by a bar over the date), station nianber or letter,
sea level pressure, sea level wind direction and force, sea level tem-
perature, mean lapse rate and mean effective lapse rate from sea level
(4)

to each of the upper surfaces* On the reverse of the card a serial
number of the soxmdinp^ was entered vrhioh corresponded to a similar
number against the sounding on the original columnar sheets.
The mean effective lapse rate from sea level to 700 mb -was cor-
related for a sample period (one month) -with the mean effective lapse
rate from sea level to 500 mb« The result of this correlation indicated
the practicability of using the "500 mb mean effective lapse rate" ex-
clusively for further einalysis.
The following notes should be made* All data used for each sounding
in this investigation were for the same time* This differs from the normal
practice of extrapolation of the upper surface heights from sea level data
observed (usually) two and one-half hours earlier* Thus caution is indi-
cated where surface conditions have changed rapidly subsequent to the
surface observation and prior to the time of the upper surface map* An
effort should be made to modify the earlier surface data as necesscLry
before the extrapolation is made* Further, although the multi-variate
diagrams are computed using virtual temperature, this transformation
was not made in this analysis* There vrere two reasons for this* It is
considered that this refinement is unvraxranted considering the nature of
the method and also that the lapse rate values suggested in this paper
are based on observed temperatures*
The following separations vrere made and frequency tables developed
therefrom* Mean effective lapse rates from sea level to 500 mb were used*
Wind separation vreis made into four quadrants entered on the intercardinal
points* Sea level pressxire was divided into ten millibar increments, and
(5)

latitude into ton degree bands • The lapse rate figures, v;hich had been
read to within one one-hundredth of a degree centigrade per 100 meters,
were grouped into ten one-hundredth intervals, centered on the even
tenths value # The seasons are the even quarters of the calendar year*
In Appendi3c I are presented the frequency tables resulting fron
separation by latitude, season, and lapse rate. In Appendix II are
found the results of the successive separation according to season,
latitude, mnd direction, and lapse rate* Appendix III shovrs the re-
sults of successive separation according to season, latitude, sea level
pressure, and lapse rate. Finally, in Appendix IV, the frequency tables
of complete successive separation according to season, latitude, ^Tind
direction, surface pressure, and lapse rate are given*
From the data contained in Appendix IV, Table 1 vras compiled. This
table is derived from the frequency tables and represents the "best" value
of mean effective lapse rate to be used for various conditions as defined
by the other parameters*
As a further aid in the selection of an appropriate mean effective
lapse rate, monthly mean data for each of the several ocean -weather
stations vra.s computed and the results are presented in Table 2«
By making a random selection of soundings from the file of Upper
Air Bulletins, a test san^le of 50 soundings "vms collected* The appro-
priate value of the mean effective lapse rate vreis selected from Table 1,
the height computed by the multi-variate diagram, and the height thus
obtained 7/as compared vrith the observed height* The results of this test
are presented in Table 3» In addition, heights -siere obtained using appro-
priate mean monthly lapse rate values from Table 2* The results of this
technique are also noted in Table J*
(6)
z-r.I
III. DISCUSSION OF RESULTS MD SUGOESTIOITS FOR
FURTHER HTVESTIGATIOH
The conparative accuracy achieved by using lapse rate values fron
Tables 1 and 2 indicates little preference between the t\TO« On the basis
of the 50 sounding sample (5«6f' of recorded observations), the difference
in average error is considered insignificant. It is encouraging to note
that the net mean error v.'as minor in each case and did not shov;' a constant
trend of error. The detennination of oTrtrapolated heights to Trithin 200
feet of the actual enables the analyst to be confident that the analj'sis
includes all significant features of the height pattern. The normal
number of ship reports available in the Pacific and Atlantic Ocean areas,
in northern latitudes, should provide adequate coverage for complete
analysis of the upper pressure surface maps.
Since the number of reporting ocean weather stations does not provide
conclusive evidence for sug,^ested lapse rate values for an entire latitude
belt, these values nust be used vrith caution in locations far removed from
the stations available for this study. T/hen the data presented herein is
based on a reporting location well a'^my from large land masses, particularly
those to windTward, the suggested values may be significantly smaller than
those actually present over locations immediately to leevmrd of continents,
even though in the same latitude belt. In high latitudes, tho existence of
e^rtensive ice cover must be considered, vrith the suggested values of lapse
rate being adjusted upv/ard to compensate for the increased instability as









































SUCJGESTED LIEAN EFFECT F/E LAPSE RATE VALUES
50-59 II. 40-49 IT. 50-59 !!• 62 II.
NE SE S^.7 N\T ITE SE S^.Y M NE SE S\'{ luT IIE SE SV{ KYT
.5 .5 .6 .5
.5 .5 .5 .5
• 5 4^ V^ V^
.5 .5
.4 .5 .5 .5
•4 .6 .5 #4
.7 .6
.5 .5
.4 .5 .5 .5





•5 .5 •4 .5
.5 .4 .4 .5
.5 .4 •> •5
.5 .5 .5 .5




•5 •4 .5 •^





•5 .4 .5 .5
•3 #4 .5 -4




•4 .4 .6 .7
.4 .4 .5 .7




•p .4 .5 .5
.5 .5 .5 .5
.5 .4 .5 .6
.5 .4 .5 •^
.5 .4 .4 .5
.5 .3 .4 .4
•4 .p .p #4



















•6 .4 .5 .5
.4 .5 .4 .5
.5 .4
.6
.5 .5 .5 .4 .5 .6
.4 .6 .5 .5 •4 .7
.5 .5 .6 .7 .6 •6 .8 .6
•0 .8 .7 .6 .7 .7 .6








IIDIJTHLY I.EA1T DATA FOR SELECTED VffiATHER STATIONS
(Con^jiled from soundings used in this investigation)
Location
























19 19 12 9 4 16 18 17 10 24 28 24
*,6a ,68 .54 .65 .56 .4o .p7 .50 ,43 .62 .58 .67
.12 .09 .09 .11 .10 .08 .08 .10 .11 .09 .12 .08
14 17 12 17 15 14 21 21 6 26 28 24
.54 .57
.$1 .50 .48 .48 .51 .57 .5^ .49 .56 ,66
.15 .14 .10 .10 .07 .10 .09 .OB .11 .11 .10 .10
19 19 8 16 8 10 15 7 14
.62 .73 .51 .61 .49 .56. .36 .36 .36
.16 ;i2"^ .12 .09 .12 .07 .08 .06 .09
15 17 13 14 15 19 19 20
.43 .51 ^44_ .46 .40 •52 .34 .33
.12 .10 .07 .09 .n .12 .08 .09
20 14 13 19 21 26 24 26
.^8 .43 .52 .58
.Jl •31 ^2^ .34




14 17 12 13 17
•53 .56 .53 .53 .54




















18 19 16 18 14 26 26 28 21 21 29 23
•43- .54 .57 .49 ^45 .^ ^U ^,46 .47 .49 .43 .55
.06 .06 .06 .06 .04 .05 .04 .04 .03 .05 .05 .06
llTomber of soxindings on Lino (1)
Average value, 500 nib nean effective lapse rate on Line (2)








Values from Values from
Table 1» Table 2»
Averaro error 175 ft* 155 ft.
llet mesoi error +8 ft.
-I5 ft.




In this study, as in many others, it is rej;;retted that the munber
of sotindinrs available for analysis could not have been increased tenfold
or more. The absence of sea level wind data precluded the use of many re-
ports. It is considered that the fourteen hundred reports used were barely
adequate to permit the formulation of Tables 1 and 2* Extreme values of
the various basic parameters do not appear with sufficient frequency to
insure accuracy of suj^^gested lapse rate values in these cases.
Since the separations according to sea level pressure and/or Trind
direction were not completely definitive, certain other available data
should be considered in future vrork. The curvature of svirface isobars is
believed to offer distinct possibilities. It is an easily determined
variable and is closely related to the stability of the over-lyin:^ air mass.
With access to suitable map files or with the publication of the Historical
Weather l^ap Series for the period covered by this investigation, this para-
meter could be determined for each observation and the data entered on the
existing; cards. Separations could then be made accordingly iTith new fre-
quency tables prepared therefrom.
Riehl {_(>} , has published techniques applied in an analysis of lapse
rate values for the 700-300 mb layer. The assumption that a mean lapse rate
•will also be the mean effective lapse rate between the two pressure surfaces,
v/hich is reasonably v/ell satisfied for the 700-300 mb layer, is not satis-
factory for the sea level-700 mb, or sea leve1-500 mb layers. The presence
of frontal and subsidence inversions invalidate* this assumption. Thus a
laioirledge of the temperature field at sea level and at the upper pressure
surface does not necessarily yield an accurate mean effective lapse rat©
(11)

for the la^^ert Further, a classification system according to location
of the sounding in relation to troughs and ridges does not sei^e effec-
tively in these lower la^-ers. The sea level isobar configurations are
usually nore conplox than the contour patterns aloft and would therefore
require a much more complicated classification. It is believed that the
suggested classification according to isobar curvature \rill achieve the
desired separation, Riehl's nethod of dividing the lapse rate values
according to temperatures of the 700 mb surface is sound for the upper
layers, but does not apply in our problem. This is because the sea level
air temperatures are controlled to a very great degree by the surface sea
•water temperature, and are not intimately related to the mean temperature
of the air mass above. Hence, they exhibit prjuiarily a latitudinal ar.d
seasonal gradient and are not suitable indicators of stability. Thus no
segregation of lapse rate values has been attempted based on sea level
air temperatures.
A source of possible error, present in this study, -.vould be removed
by obtaining and using microfilm copies of station data sheets, rather than
the Upper Air Bulletin or Mstorical "leather ISap Series. In each of these
publications all errors of transmission and inaccurate punching of data
cards add to the vagaries of statistical analysis. It is concluded that
a nionber of the singular values of lapse rate obtained -were due to erron-
eous primary data.
As has been noted above, a tenfold increase in the niunber of reports
analysed v/ould most certainly have resulted in increased definitivenesa.
(12)

With such a ntnnber of cases hovrever, an effort should be made to utilise
punch-card techniques and roechajiical sorting.
Since the use of monthly-nean lapse rate values shows promise, and
since they are readily obtainable, it is recommended that daily values
of the moan effective lapse rate over each reportinr ocean station be
computed and recorded. Table 2 could then be revised as additional data
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FREQUEITCY TABLES OF OBSERVATIONS
IN GROUPS DEFINED BY LATITUDE AND
500 m LEAN EFFECTIVE LAPSE RATE
•1 .2 .3 .6 •? .B 9 1.0
"Winter Months
62 N. 4 6 11 14 10 4
50-59 N. 1 1 8 13 15 21 14 8 10
40-49 8 19 21 28 15 9 1
50-39 2 18 49 42 9 2
Spring Months
62 N. 5 6 12 7 5 5
.
50-59 11. 4 9 15 27 15 8 3
40-49 N« 10 15 23 18 20 20 8
30-39 N. 7 38 78 22 6
Stunner Ilonths
62 N. 5 7 16 10 7 2
50-59 11. 3 9 31 29 6 3 3
40-49 5 20 33 36 12 5 5 1






3 3 14 17 26 12
4 12 22 13 18 7
— no reports —
-




FREQUENCY TABLE OF OBSERVATIONS HT GROUPS DEFH^TDD BY SURFACE
TTHTD DIRECTION AlID 500 LIB MEAN EFFECTIVE LAPSE RATE, AFTER
SEGREGATION DITO TEN DEGREE LATITUDE BAUDS









































































LAPSE RATE VS. XmiB DIRECTION (COIITETUED)
•1 «2 •3 «4 45 •(> •? •B •? 1.0
TTinter 50-59 !!•
IIE 5 1 1 1
SE 1 1 2 4 2 5 2 1
sw 5 9 8 11 4 2 1
NW 1 5 6 8 5 7
Calm 1 1
Spring 50-59 II.
1^ 5 2 9 4 2
SE 5 6 4 3
svr 1 5 4 7 4 1 2
Mff 5 5 7 4 5 1
Siraner 50-59 11 •
IIE 1 4 4
SE 2 4 11 6 1
STf 1 4 11 9 5 2 2
M 4 11 2
Autinnn 50-59 N.
IIE 2 4 3
SE 5 5 1 1
S\T 2 5 4 4 6 1
M 1 2 5 2 8 3 1
No direction rept 'd 1 1 2 6 5 5 1
(17)

LAPSE RATE VS, VmiD DIRECTION (COIITKUED)
•1 ^ •? m^ «? •^ •? •^ •? i«o
7finter 40«»49 IT,
IE 2 4 2
SE 2 4 8 7
m 2 8 5 7 4 4
m7 4 7 6 10 9 5
Sprinj^ 40-49 H.
liE 1 2 4 2 8 3
SE 5 5 2 a
sw ^ 12 2 6 5 7
M 5 4 10 6 5 7 5
Calm 1 1
Summer 40-49 IT,
ITE 4 6 4 3 1
SE 1 5 11 2 2
sr.7 2 8 15 15 5 1 2









7 21 7 1
4 11 8 1






lAPSE I?ATE VS. ViTlID DIRECT lOlT (COKCLUDED)























No direction rep»t 1 I6 24 12
22 10 5 2
4 18 10












FREQUENCY TABLES OF OBSERVATIONS IN GROUPS DEFINED BY SURFACE
PRESSURE AND 500 LIB, I'EAN-EFFECTIVE LAPSE RATE, AFTER SEGREGATION
niTO TEN DEGREE LATITUDE BANDS





















































































































LAPSE RATE VS, SURFACE PRESSURE (COOTIHUED)




1020-1029 3 3 5 3 2
1010-1019 1 3 8 2 6 2 2 7
1000-1009 1 1 4 4 5 4 1 2





1030-1039 mb 1 2 1
1020-1029 2 2 4 3 3 2 1
1010-1019 1 1 2 12 5 2
1000-1009 1 4 5 5 2 3 2
990-999 2 2 2 4
980-989 3 1 1
970-979 1
Sumner 50-59 II •
1020-1029 mb 2 5 4 2 1
1010-1019 2 4 9 14 1 3
1000-1009 1 2 15 6





1020-1029 1 1 2 1
1010-1019 1 1 1 4 1 5 1
1000-1009 2 3 9 5 8 4 1
990-999 2 3 5 1 1
980-989 5 2 1 1 1
970-979 1 1
960-969 1 1 1
(21)

LAPSE RATE VS. SURFACE PRESSTJRE (COITTHIUED)
•1 .2 •? .4 .5 .6 .7 .8 .? 1,0
TTinter 40-49 IT.
1050-1059 mb 5 6 2 4 1
1020-1029 5 7 5 6 5
1010-1019 2 2 9 9 2 5
1000-1009 5 4 5 5 5
990-999 1 5 5




1050-1059 5 5 1 1 1 1
1020-1029 5 15 6 5 1
1010-1019 6 4 8 6 11 2
1000-1009 2 1 5 5 7 4 5
990-999 1 2 2
980-989 1 1
Simner 40-49 N.
1050-1059 mb 1 1 1 1
1020-1029 1 11 11 11 5
1010-1019 1 8 16 18 6 1 5
1000-1009 1 5 6 1 5 2
990-999 1 1
Autunn 40-49 11 •
— no reports —
(22)

LAPSE RATS VS. SURFACE PRESSURE (CONCLUDED)
•1 •? .3 .4 ^5 .6 •? .8 •? 1.0
2 8 4 1
15 28 12 3
1 12 24 4
1 2 1
5 1
6 25 55 14 1
































FREQUENCY TABLES OF OBSERVATIONS IN GROUPS DEFBTED BY
SUCCESSIVE SEPARATION ACCORDING TO SEASON, LATITTJDE,
Xmrn DIRECTION, AND PRESSURE













































































































































•1 .2 ,3 .4 .5 .6 •? .0 .? 1*0
TTinter 50--^ ^ IT*
Iffi liVind












































































1020-1029 4 14 5
1010-1019 1 4
g^'f Tfind
1020-1029 1 24 2



























































































































































































































































































































































































































































Antxrnn (1948) 40-.4? H,
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